We study the kinetics of water escape from balls folded from square aluminum foils of different thickness and edge size. We found that the water discharge rate obeys the scaling relation Q ∝ V P (M − M r ) α with the universal scaling exponents α = 3 ± 0.1, where V P is the volume of pore space, M(t) is the actual mass of water in the ball, and M r is the mass of residual water. The last is found to be a power-law function of V P . The relation of these findings to the fractal geometry of randomly folded matter is discussed.
I. INTRODUCTION
Folded configurations of thin matter are ubiquitous in nature [1] , ranging from nanoparticle membranes [2] to hand-folded paper [3, 4] and fault-related geological formations [5] . The physics of folded states display many interesting phenomena associated with statistical properties of folding configurations [6, 7] . The porosity of randomly folded sheet can be as large as 99% and decreases with increase of the contraction ratio λ = L/R, where L is the sheet size and R is the characteristic size of the folded configuration. While the statistical topology and geometry of folding configurations were studied in a number of works (see [2] [3] [4] [5] [6] [7] [8] and references therein), as far as we know, there have been no attempts to characterize the scaling properties of porous space in randomly folded matter. Though it seems reasonable to expect that the pore space and pore-solid interface both possess some kind of statistical scale invariance, characterized by the power-law behaviors V P ∝ r D P and S P ∝ r D S within a bounded range of r m < r < R, where V P is the volume of pore space, S P is the area of solid-pore interface and r m is the lower cutoff, while D P and D S are termed the physical fractal dimensions (see Ref. [9] ) of the pore space and solid-pore interface, respectively. The fractal properties of porous materials have been found to have a significant effect on their transport properties [10] [11] [12] . Accordingly, in this work we study the kinetics of water escape from hand-folded aluminum foils.
II. EXPERIMENTAL DETAILS
The aluminum foils of different thickness h and size L were folded in hands into approximately spherical balls (see Fig. 1 ) with different contraction ratios λ (see Refs. [8] ). Specifically, 24 balls were folded from square sheets of thickness h = 0.02 mm and edge lengths of L = 15, 20, 30, and 45 cm. Additionally, nine balls were folded from sheets of different thicknesses h = 0.02, 0.1, and 0.24 mm with the same edge length L =30 cm. The mean diameter R of each ball was determined from measurements along 15 directions taken at random (see Ref. [4] ). The volume of pore space is defined as V P = (π/6)R 3 − hL 2 = (π/6)R 3 p, where
is the ball porosity. After the series of hydrodynamic experiments, each ball was further compressed, such that each folded sheet was tested with four different contraction ratios λ [13] .
To fill the pore space with water, the folded balls were partially submerged in water until they sink [14] . When the ball is extracted from the water reservoir, the water escapes downward under gravity through the openings between the folding surfaces with the cross-sectional area 0.1 S 1cm 2 . In this work, the amount of water realized for the time t was measured in two ways. First, the weight of the ball with water was continuously monitored using a digital balance (Scout Pro SP202) and, second, the mass of escaped water M e (t) was measured each second (see Fig. 1 ) until the water discharge is stopped and the ball mass does not change in time. Figure 2 shows an example of the experimental register of M e (t).
III. EXPERIMENTAL FINDINGS
We found that the instantaneous water discharge rate Q obeys the kinematic wave flux law (see Ref. [15] ) of the form
where
is the actual mass of water in the ball, M r is the mass of residual water, ρ is the water density, and K is the fitting coefficient (see Fig. 3 ). The power-law exponent α = 3.0 ± 0.1 [16] is found to be statistically independent of the ball orientation with respect to the discharge direction [see 2 , which provides an excellent fit of the experimental data (see Figs. 2 and 4) with M r used as the fitting parameter. In this way, we found that the value of M BF r providing the best fit of experimental data is always slightly less than the value of M r obtained by direct measurement after the water escape is stopped [17] . This difference may be attributed to the change from the kinematic wave flux (1) to the diffusion wave flux (see Ref. [15] ) at the final stage of water discharge. In our experiments, the duration of the kinematic wave regime was in the range of τ 6 < t s < 20 min [18] , while 0.8 τ < 8 s (see Fig. 4 ).
The parameters K and M r are strongly dependent on the ball orientation with respect to the gravity direction [see Figs. 3(a)] because of an inhomogeneous distribution of openings along the ball surface. However, we found that the orientation averaged coefficient K displays an almost linear increase with the volume of pore space [19] , i.e.,
where τ −1 0 = 0.35 ± 0.15 s −1 is the fitting constant independent of the sheet sizes and the contraction ratio [see Fig. 5(a) ]. Furthermore, we found that the orientation-averaged value of residual water mass is related to the volume of pore space as
at least when V P V 0 , where V 0 = 0.65 ± 0.5 cm 3 is the fitting parameter independent of the sheet sizes and the contraction ratio, while the power-law exponent is found to be θ = 0.27 ± 0.08 [see 
IV. DISCUSSION
A standard approach to analysis of fluid flow in porous media is to characterize the system in terms of Darcy's law, accounting the mechanical energy loss due to friction in laminar flow through porous media [20] . With respect to our experiments in particular, Darcy's law states that
where P / l is the actual pressure drop P over a given distance l, μ = 10 −3 kg/m·s is the dynamic viscosity of water, and K P is the permeability depending on water content in a folded sheet. We note that Eq. (5) is consistent with the experimental relationship (1) only if the term in the brackets is almost independent of Mas far as M > M BF r [21] , while the permeability of folded sheet obeys the Brooks-Corey relation:
where = (M − M r )/(ρV P − M r ) is the relative water saturation of the folded sheet, K S is the permeability at saturation, and n is the fitting exponent [22] . If so, from the comparison of (1) with (5), (6) follows that K = SρgK S /μ, while α = n. It is commonly assumed that relative permeability k R = K P /K S is controlled by the capillary pressure-saturation relation P = P S f ( ), where P S is the pressure at saturation [10, 22, 23] . Strictly speaking, this approach is not always valid for a transient flow because generally the capillary pressure-saturation relation depends on the flow velocity (see Ref.
[24] and references therein). However, in our experiments the water velocity v = Q/ρ √ S < 10 −1 m/s is rather small (Re = ρvW P /μ < 10), such that the ratio of viscous to capillary forces is Ca = μv/γ < 10 −3 and so the dynamic effect in the capillary pressure-saturation relation can be neglected [24, 25] . Accordingly, one can expect that the relative permeability of folded sheets is determined by a quasisteady capillary pressure-saturation relation [26] . In fractal porous media P = P S f ( ) often obeys the power-law relation = (P /P S ) −ω , where ω is the fitting exponent [10, 12, 23 ]. However, even in this case, there is no universal relationship between n and ω. A comprehensive review of this topic is given in Ref. [23] . Empirical values of n obtained from the water retention curves for different porous media vary in a wide range 1 n < 25 (see [10, 23] ), while the relation between n and ω is determined by the statistical geometry of porous space as
where 1 χ 3 and 0 ζ < 1 are the parameters of geometric nature used to model a specific type of porous media (see Ref.
[23] and references therein). For a given type of porous media, parameters χ and ζ are expected to be constants [23] , and so our finding n = α = 3 together with (7) suggest that the capillary pressure-saturation relation in hand-folded aluminum sheets are characterized by the universal exponent ω = (2 + ζ )/(3 − χ ). Furthermore, the same universal value of ω is expected for other kinds of randomly folded thin matter, because the geometry of folding configurations is mainly controlled by the topological constrain and the phenomenon of self-avoidance (see [4] [5] [6] [7] [8] ). However, the universality of ω for randomly folded thin matter needs to be confirmed by further research. On the other hand, there were many attempts to relate ω with the fractal properties of porous media (see Ref. [10] and references therein). In this way, using a thermodynamic formulation for equilibrium capillary pressure, the authors of Ref. [12] have derived the following relation:
accounting for the scaling properties of the pore space, as well as of the pore-solid interface. The fractal dimension of the pore space in a folded matter (D P ) is expected to be a function of λ [27] . So, if ω is the universal constant, the relation (8) suggests that the fractal dimension of the pore-solid interface (D S ) should be a decreasing function of λ [28].
V. CONCLUSIONS
In summary, we found that water escape from folded reservoirs obeys the kinematic wave flux law (1) with the universal scaling exponent α = 3 as far as M > M BF r . The corresponding kinetic curve (2) provides a good fit of the experimental data. The relation between fractal geometry and relative permeability of hand-folded sheets is discussed. We expect that our findings will stimulate further experimental and theoretical studies on these topics.
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